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A study for the optimization of HgCdTe heterostructure lasers for applications as midinfrared 
wavelength sources has been carried out. Structures are examined to emit photons at 2.5 and 4.5 
pm at 77 IL For the 2.5 pm case, it is found that a quantum-well laser with well width of 200 
A in a separate confinement structure is optimum. For the 4.5 pm case the optimum structure 
is one with a 1000 A active region. For the 4.5 pm case the high carrier density at threshold in 
quantum wells and the consequent high Auger rates do not allow the decrease of threshold 
current with smaller well sizes. This result is rather general for narrow-gap zinc-blende 
semiconductors and represents a cautionary warning against the commonly held belief that 
narrow quantum wells will always improve threshold currents. 
1. INTRODUCTION 
The Hg,-,Cd,Te semiconductor system offers a re- 
markable tunability in the band gap, allowing one to go 
from zero band gap to a band gap of - 1.5 eV.’ This tun- 
ability has of course been a primary reason for the success 
of this material in the mid- and long-wavelength infrared 
detector applications.2 In principle this tunability should 
also allow HgCdTe to be a versatile semiconductor system 
for midwavelength infrared lasers. Recently, lasing has 
been demonstrated in the HgCdTe-based laser system at 
2.9, 3.4, and 3.9 ,um, and gradual diminution of many of 
the material and processing problems should allow one to 
go to longer wavelengths.3>4 
An important problem for longwavelength lasers is the 
Auger process, which becomes increasingly important as 
the band gap shrinks.5-7 The Auger recombination rate is 
usually proportional to n3, where it (=p) is the electron 
concentration in the laser. It is thus important to operate 
the laser at a low value of the carrier density at threshold. 
However, the lowest value of the 3D carrier density is not 
compatible with the lowest radiative recombination cur- 
rent. For example, for short-wavelength lasers, where the 
Auger processes are not important, the threshold current is 
lowest when the active region is a quantum well (d< 100 
A). The 3D carrier density, however, increases as the well 
size is decreased, as will be clear from the analysis pre- 
sented here. The threshold current is extremely important 
especially in lasers operating at midwavelength because a 
higher threshold current can lead to heating effects which 
can further increase the Auger processes. 
In this paper we examine theoretically the optimum 
separate confinement structure that leads to the lowest 
threshold current. We examine the laser structures for 
emission at 2.5 and 4.5 pm at 77 K. Since measurements of 
the Auger rates in HgCdTe are few, we use a value mea- 
sured at longer wavelength and use a scaling approach to 
obtain the values at 2.5 and 4.5 pm. We find that in the 2.5 
pm case, the optimum structure is indeed a quantum-well 
structure with dimensions of -200 A. However, in the 4.5 
pm case the optimum structure has an active region width 
of - 1000 A. This occurs because of the competition be- 
tween the Auger and radiative processes. 
In Sec. II we discuss our theoretical formalism and 
present our results in Sec. III. Concluding remarks are 
presented in Sec. IV. 
II. THEORETlCAL FORMALISM 
The laser structure we examine is the separate confine- 
ment structure shown in Fig. 1. The structure consists of 
high-band-gap contact regions (the n and p region), a con- 
finement region with a lower band gap, and an active re- 
gion. The width of the active region is an important vari- 
able and in this study we will examine the effect of this 
width on the laser performance. 
Two important processes in the laser are gain and re- 
combination rate. The gain is defined simply by the nega- 
tive of the net absorption coefficient cz (i.e., emission minus 
absorption), 
g(hw) = --a(ho). (1) 
In the case of an injection laser, the occupation of the 
conduction and valence bands is given by the quasi-Fermi 
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where N,(E) and Nh( E) are the conduction- and valence 
band density of states and the f” and S are the distribution 
functions related to the quasi-Fermi levels ,ud and ,LL,, by 
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exp [ W-p,)/k,T] + 1. 
The gain spectrum is now given by the emission minus the 
absorption coefficient (see, for example, Ref. 8 for general 
formalism and Ref. 9 for specific formalism for quantum- 
well lasers), 
-fh[Eh(k)]}S[F(k) -Eh(E) -ti]. (6) 
In case fe[Ee(k)] is zero and fh[Eh(k)] is unity, we 
simply recover the results for the absorption coefficient 
(with a negative sign). The gain spectrum for the quantum 
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0 
-fh[~,WlP[~W -2mW> --hwl, (7) 
where we have used tr to denote the various angular Gino- 
mentum states making up the hole states. In case of the 
diagonal approximation used here, the mixing of light-hole 
(LH) and heavy-hole (HH) states is ignored and the sum- 
mation of CY can be eliminated. The indices n and m denote 
the electron and hole subband indices. The matrix element 
is given by 
g:(zk;(kz)dz(slpoI d>, (8) 
where the integral over the envelope functions g,(z), 
g,(z) gives approximately unity for n=m and the central 
cell momentum matrix element is known from the litera- 
ture. The total gain in the quantum-well structure is ob- 
tained by summing the gain from different subband level 
combinations. A broadening function A(E) is introduced 
to account for thermal or other inhomogeneous broadening 
sources. The total material gain is then 
g(hw) = s 
dE’ c g&E’)A(E’-ho). (9) 
m?l 
The condition for lasing is that the gain should be able 
to overcome the losses in the cavity, i.e., 
rg= aloss. (10) 
The parameter I’ is the optical confinement factor 
which represents the fraction of optical intensity in the 
active region. For quantum-well lasers, where the active 
region is only 50-100 A, I? can be quite small (a few 
percent). The cavity loss is made up of two parts, the loss 
aa due to any absorption in the cladding regions and the 
loss term arising from the fact that the photons are-escap- 
ing from the laser facets. If L is the laser cavity length, R 
is the facet reflectivity, and a,, the free carrier loss, we have 
alOss= (l/L)ln( l/R) +ae. (11) 
The optical confinement factor is obtained by solving 
the optical equation, which takes the form 
d2&dd d22+ Em~;a2-@ E&Z) 20, (12) 
where Emk is the z-dependent (confinement direction) elec- 
tric field, k is the wave number, and E,(Z). is the z- 
dependent dielectric constant. The role of the cladding lay- 
ers is to confine the optical wave by producing a spatial 
variation in E. The index m represents the waveguide 
mode. 
When electrons and holes are pumped into the conduo 
tion and valence bands of a semiconductor, they recombine 
with each other as we have discussed earlier. In the absence 
of any photon density in the cavity (i.e., n=O), i.e., below 
threshold, the emission rate is the spontaneous emission 
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x{&t’h[Eh(k)l} d, 
) 
where d is the width of the active region. 
The integral over d(h) is done to find the rate for all 
photons emitted, and the integration over d3k is done to get 
the rate for all the occupied electron and hole states. The 
prefactor $ comes about since we are considering emission 
into any photon polarization so that we average the matrix 
element square I apnm I ’ over the polarization vector a. 
2044 J. Appl. Phys., Vol. 72, No. 5, 1 September 1992 J. Singh and FL Zucca 2044 
100 r The extension to quantum-well structures is given by 
changing the three-dimensional d3k integral to an integral 
over the two-dimensional k space, 
R 2 J d(G) gigi ,c J & lPnm12 span =3 
xW-$(W -ad -+dC.F[Ee,(k) II 
xCkf’YEh,WlH . (14) 
In the absence of any nonradiative recombination pro- 
cesses involving either defects or Auger processes, the cur- 
rent flowing in the laser at or below threshold is simply 
given by 
J=eRswn. (15) 
The laser problem is addressed by a numerical method, 
where the optical confinement is obtained by discretizing 
the confinement region and converting Eq. ( 12) to a dif- 
ference equation, which is then solved by the matrix 
method. To calculate the gain and spontaneous emission, 
we first calculate the band structure of the quantum-well 
structure. An approach is designed in which the first three 
subbands are treated by a proper two-dimensional density 
of states and the higher subbands are represented by a 
three-dimensional density of states. This allows us to solve 
the problem for an arbitrary-sized quantum well (e.g., 
from 50 to 5000 A). The integrals of E?qs. (7) and ( 14) are 
evaluated numerically. 
The threshold current, where the lasing action starts, is 
liven by Rspon ( ntt,), where nth is the Carrier concentration 
at the point where l?g = czloSS. In the presence of Auger 
processes, the Auger recombination rate has to be included 
and the current value increases. We assume that the Auger 
recombination rates are given by 
R ‘4”gU=Fn39 (16) 
where F is the Auger coefficient. The value of n that is used 
is the one that results from the solution of E?q. ( lo), so that 
the Auger contribution to the threshold current can be 
evaluated. 
III. RESULTS 
In Fig. 2 we plot the optical confinement factor in the 
While our study focuses mainly on the effect of the 
active well size on the threshold current, we first had to 
active region I as a function of the well size. For narrow 
decide on the structure of the separate confinement layer. 
We chose structures shown schematically in Fig. 1 for the 
active region thickness, the optical confinement scales with 
2.5 and 4.5 ym laser. The 0.2 ,um undoped cladding layer 
was chosen with two objectives: (i) to have as much opti- 
d. At larger values, it has a weaker dependence on the 
cal intensity in the active well region as possible and (ii) to 
have a small fraction <lo% of the optical intensity in the 
thickness. 
contact regions. The choice of the cladding region is not 
unique but is a reasonable one for a low-threshold laser. A 





Active Region Thickness (d) (pm) 
FIG. 2. Optical confinement as a function of the active well region for the 
2.5 and 4.5 pm laser. 
A. 2.5 pm case 
We assume that the cavity loss is 30 cm-’ and is in- 
dependent of the active well size. The cavity loss is due 
mainly to free-carrier absorption in the contact and clad- 
ding layers in the long cavity regime, and should therefore 
be essentially independent of the active region thickness. 
In Fig. 3, we show the peak gain and spontaneous 
recombination rates as a function of injected two- 
dimensional carrier densities for two different well sizes. 
The gain values represent the peak material gain g(h) 
and are not multiplied by the optical confinement factor. 
We see from the recombination rate that the e-h recombi- 
nation time is ,- 1 ns and has little dependence on the well 
size. As expected, the peak material gain is much higher 
when the well size decreases. However, the optical confine- 
ment factor also decreases as the well size decreases, and 
for threshold the product Ig is what is important. 
We next examine the threshold 3D carrier density 
njD defined as 
n3D = n&d, (17) 
where n2D is the two-dimensional carrier density calculated 
at. threshold. This is plotted as a function of the active 
We finally examine the radiative and nonradiative cur- 
region thickness in Figs. 4(a) and 4 (b) . This quantity is of 
particular interest since the Auger rates are proportional to 
rents at threshold for the laser structure as a function of 
the cubic power of the 3D carrier density. As the well size 
decreases, the carrier density increases rapidly. 
well size. At present, there is no measured value for the 
Auger coefficient for 2.5 or 4.5 pm. However, there are 
detailed measurements for Eg = 0.22 eV HgCdTe alloys. 
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FIG. 3. Peak gain and recombination rates as a function of injected 
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FIG. 4. Variation of the 3D carrier density at threshold as a function of 
active well size for the 2.5 pm laser. 
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Active Layer Thickness (d) 
FIG. 5. Radiative and Auger currents at threshold as a function of active 
region thickness for the 2.5 pm laser. 
From these measurements, the Auger lifetime is 300 ns at 
77 K in a sample doped at 2.7~ 1015 cme3.10 Using the 
relation 
F- l/tA,,&, (18) 
we find a value of F  = 4.5 x 10Az5 cm6 s-l. Scaling this 
value with the band gap we obtain the following approxi- 
mate values of F: 
F(2.5 pm) =1.0X 10F2’ cm6/s, 
F(4.5 pm) =4.5x 1O-26 cm6/s. (19) 
The effects of varying F  are clear since the Auger part of 
the current will vary linearly with the choice of F. The 
Auger current is 
J Auger=Fn:D de, (20) 
where e is the electronic charge. The radiative current is 
Jrad = eRspon, (21) 
where Rspon is the spontaneous emission rate calculated at 
threshold densities. In Fig. 5, we show the radiative cur- 
rent and the Auger current as a function of the well size. 
Clearly the radiative current drops rapidly as the well size 
decreases. At very small well sizes the current starts to rise 
again when the e-h overlap starts to differ from unity, due 
to the wave-function leakage into the barrier region. The 
Auger current, however, increases as the well size de- 
creases; because of the increase in nsu. However, the Auger 
current is quite small even for the small well sizes. We  can 
see that the total threshold current is a minimum for well 
sizes in the range of 100-200 A. An important point is that 
small changes in the Auger coefficient F  will not affect 
these results. 
5. 4.5 pm case 
In the discussion presented above for the 2.5 pm case, 
the conclusion that the quantum-well structure with thin 
active region has a lower threshold is quite independent of 
J. Singh and  R. Zucca 2046  
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FIG. 6. Variation of the 3D carrier density at threshold as a function of 
active well size for the 4.5 pm laser. 
the loss coefficient aloss. For the 4.5 pm case, the Auger 
coefficient is considerably larger and dominates the laser 
performance of narrow-quantum-well devices as discussed 
below. For the results presented, we use a low value of 15 
cm-’ for the cavity of loss. A higher loss will make the 
Auger effects even stronger, since the carrier density at 
threshold will be higher. A value of 15 cm-’ for cavity loss 
is probably the best that can be achieved at 4.5 pm. In Fig. 
6 we show the dependence of the 3D carrier density for the 
4.5 pm case on the active region thickness. As for the 2.5 
pm case, the 3D carrier density increases rapidly when the 
active well size is decreased, as shown in Fig. 6. The dif- 
ference in this case is that the Auger coefficient is quite 
large and the Auger current plays a much more important 
role in determining the threshold current. In Fig. 7 we 
show the radiative current at threshold along with the Au- 
ger current. The lowest threshold current does not occur 
for the quantum-well case, but for an active region of - 0.1 
I-Lm- 
We next examine the possibility of using 
multiquantum-well structures instead of a single-quantum- 
well structure to lower the threshold. In Fig. 8 we show the 
Auger and radiative currents for a 100 A multiquantum 
well as a function of a number of wells. We note that while 
the current decreases, as the number of well sizes is in- 
creased, it is still much higher than the 0.1 pm active re- 
gion value. Figure 9 shows results of a similar study done 
for 200 b; multiquantum’wells. There is little advantage in 
using the multiple-quantum-well structure, although the 
threshold current is significantly lower than the current in 
the 100 8, case. Overall the 0.1 pm active region seems to 
be the best choice. Only if the Auger factor were 4-5 times 
80 
T=77K 
atF = 4.5 x 10-2B~6~-1 
w (pm) 
Active Layer Thickness (d) 
FIG. 7. Radiative current and Auger current at threshold as a function of 
active region thickness for the 4.5 pm laser. 
smaller would it be advantageous to use the quantum-well 
structure for the 4.5 pm HgCdTe laser. 
IV. CONCLUSIONS 
In this paper we have examined the dependence of the 
radiative and Auger current at threshold for the 2.5 and 
4.5 pm HgCdTe lasers at 77 K. For the 2.5 pm laser the 
results are similar in nature to those reported for the short- 
wavelength III-V semiconductor lasers, i.e., the threshold 
current is minimum for a narrow-quantum-well laser. The 
_ . 
r \ r g = 15 cm-’ 
T=77K 
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FIG. 8. Dependence of the Auger current and the radiative currents at 
threshold on the number of wells in a 100 A multiquantum-well laser 
structure. 
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FIG. 9. Dependence of the Auger current and radiative currents at 
threshold on the number of wells in a 200 A multiquantum-well laser 
structure. 
optimum well size is 100-200 A for the 2.5 pm case. How- 
ever, for the 4.5 pm laser the results are quite different. The 
radiative current at threshold decreases with well size as in 
the case of the 2.5 pm case. However, the decrease is not as 
rapid because of the weaker optical confinement of the 4.5 
pm laser. On the other hand, the Auger current increases 
rapidly as the well size decreases and starts dominating the 
radiative current for smaller active regions. The optimum 
active region is close to 0.1 pm for the 4.5 ,um laser. This 
is an important conclusion because normally the laser per- 
formance improves as one goes to narrower-well lasers. 
This conclusion would also apply to lasers made with other 
semiconductors having zinc-blende structure, because the 
conclusions are dependent on the interplay of radiative and 
Auger processes. These processes are largely dependent on 
the band structure which is similar in materials with sim- 
ilar band gaps. 
As the temperature is raised, the Auger current is ex- 
pected to increase further. Thus for the 4.5 ,um case, at 
higher temperatures the optimum width may be even 
larger than 0.1 ym. 
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